By substituting carbon intensive energy resources, bioenergy is a key component of climate change mitigation strategies aiming at low stabilization. Its versatility and capacity to generate negative emissions when combined with carbon capture and storage add degrees of freedom to the timing of emission reductions. The robustness of a bioenergy based mitigation strategy is explored by addressing several dimensions of uncertainty on biomass potential, bioenergy use and induced land use change emissions. Different mitigation scenarios were explored by two different energy-economy models coupled to the same land use model, which provides a common basis for the second generation bioenergy dynamics in the two energy-economy models. Using bioenergy is found to be a robust mitigation strategy as demonstrated by high biomass shares in primary energy demand in both models and in all mitigation scenarios. A variety of possible storylines about future uses of biomass exist. The comparison of the technology choices preferred by the applied models helps understand how future emission reductions can be achieved under alternative storylines. 
Introduction
This paper presents scenario analyses that explore the sensitivity of climate change mitigation strategies to the interaction between the land-use system and the economy-energy system. The results of our modelling exercise confirm that the use of bioenergy is a meaningful mitigation strategy. While this is in line with former studies (Luckow et al. 2010 , Azar et al. 2010 Kanudia et al. 2014 ), we additionally demonstrate that using bioenergy is a robust mitigation strategy independent of the availability of carbon capturing and storage (CCS) technologies. This robustness is demonstrated by high biomass shares, reflecting different possible uses, in different mitigation scenarios explored with two energy-economic models which are coupled to a land use model that provides estimates of the cost of biomass supply.
Different aspects of uncertainty are discussed in the literature regarding bioenergy as mitigation option: (i) uncertainty on bioenergy supply, (ii) uncertainty on bioenergy use, (iii) uncertainty on induced land use change emissions, (iv) uncertainty about impacts on food security. Addressing all these uncertainties is a challenging task. While we analyse aspects regarding the uncertainty of biomass supply and land use emissions, the primary focus of this study lies on the uncertainty of bioenergy use in climate change mitigation scenarios. The major contribution of the study is a novel evaluation of bioenergy-related mitigation strategies, based on the coupling of two energy-economy models to the same land-use model, and the application of this modelling framework to compare the results from the two models in different scenarios. Coupling the energy models to the same land use model is an innovation that provides the advantage of reducing the range of uncertainties that other comparable comparison studies (e.g. Rose et al. 2014 ) are subjected to. Indeed, uncertainty of biomass supply and land use change emissions is similar in the two modelling frameworks since they use the same land use model. This allows us to focus on uncertainties in bioenergy use and related transformation pathways in the energy system. Furthermore, it enabled us to discover properties of the relationship between carbon prices and bioenergy prices.
In previous studies, uncertainty in bioenergy supply is manifested in varying estimates on biomass potentials which mainly differ based on the assumptions regarding the future development of agricultural yields, the competing demand for food and feed, and for the land that is considered to be used for bioenergy crops , Haberl et al. 2010 ). Based on a number of studies, Creutzig et al. (2015) and Klein et al. (2014b) provided some estimates of global bioenergy potentials. The former study estimated a sustainable technical potential between 100 and 300 EJ per year with medium agreement. The latter study quantified a range of 28-655 EJ/year in 2050 for energy-purpose-grown second generation biomass. Biomass can be converted by different technologies into useable final energy. The choice of conversion and final use in the future bears uncertainty and depends on assumptions that models, as the ones used in this study, make about the techno-economic parameters of these technologies. Moreover, additional uncertainties arise when bioenergy conversion is linked to the CCS technology which is not yet mature and subject to public resistance (Knopf et al. 2010 , Kanudia et al. 2014 . Reduced emissions from using biomass for energy production may be counteracted by induced land use change emissions (Creutzig et al. 2015) . Some studies even report increased GHG emissions on a life cycle balance (e.g. Searchinger et al. 2008 ). The present study applies GHG pricing for forest land which significantly reduces the level of induced land use change emissions (Klein et al. 2014b , Humpenöder et al. 2014 .
In section 2 of the paper, uncertainty of biomass supply and bioenergy deployment is addressed in designing the scenarios. Two scenarios with different assumptions on the availability of biomass are considered. In a similar way, we confront a full technology scenario with a scenario that assumes CCS technologies to be unavailable implying a reduced demand on biomass. Uncertainty in bioenergy use that is not explicitly covered by the scenario design is addressed implicitly by the two different energyeconomy models applied -REMIND and TIAM-WORLD, which propose different bioenergy uses reflecting the versatility of bioenergy. These models are introduced in section 2 jointly with a brief presentation of the land use model MAgPIE and the respective coupling approach with each of the energy-economy models. In section 3, a comparison study of the results obtained with the two energyeconomic models addresses the climate policy driven transformation of the energy system with a focus on differences in technology choice. The role of bioenergy, the relationship between carbon prices and bioenergy prices, and the impact of mitigation strategies on the land use system are highlighted in section 4. Conclusions are given in section 5.
Model framework and scenario design
The analysis is based on a model framework that links the economy-energy system with the land-use system. In the present framework, the land-use system is represented by the MAgPIE model and the energy-economy system alternatively by the REMIND model and the TIAM-WORLD model. REMIND and TIAM-WORLD represent optimization models and are used with perfect foresight. As it is the case for all such optimization models and by assuming competitive markets, the analysis takes the view of a benevolent planner, perfectly informed and able to consider the longer-term consequences of decisions. Factors such as information asymmetries, market power influencing decisions, non-market preferences, are not fully represented in the proposed applications. In that sense, the objective of the study is not to predict future strategies but to explore the potential of optimal energy related decisions in complex interrelated systems in order to guide decision-makers at the moment of defining energy policies.
Main differences between the two models are the macro-economic component, more detailed in REMIND than in TIAM-WORLD, and the higher level of technological details in TIAM-WORLD than in REMIND. This allows REMIND to better track capital and labour production factors, in addition to energy, and TIAM-WORLD to better track capital turnover and technology and fuel competition in the energy system. Moreover, both models consider different economic and technical assumptions, such as fossil fuel reserves (higher scarcity in REMIND than in TIAM-WORLD) and cost decline of renewable energy technologies (more rapid decline in REMIND compared to TIAM-WORLD). All else being equal, aggregate economic costs of mitigation would tend to be higher in models with a more detailed macro-economic representation, like REMIND, where feedbacks to the entire economy are more detailed. On the other hand, differences in techno-economic assumptions tend to make mitigation easier in REMIND. The comparison of the Reference and mitigation scenarios explores these differences between the two models. As part of the energy system, three types of bioenergy are modelled in REMIND: (a) small amounts of first-generation biomass coming from sugar, starch, and oilseeds, (b) ligno-cellulosic residues from agriculture and forest, and (c) second-generation purpose-grown biomass from specialized ligno-cellulosic grassy and woody bioenergy crops, such as miscanthus, poplar, and eucalyptus.
Biomass represents a very flexible primary energy carrier (similar to coal) since it can be converted into all types of secondary energy. REMIND also considers the possibility of combining several biomass conversion technologies with carbon capturing and sequestration.
TIAM-WORLD
The TIMES Integrated Assessment Model (TIAM-WORLD) is a technology-rich model of the entire energy/emission system of the World split into 16 regions, providing a detailed representation of the procurement, transformation, trade, and consumption of a large number of energy forms (Loulou 2008; Loulou and Labriet 2008) .
It computes an inter-temporal dynamic partial equilibrium on energy and emission markets based on the maximization of total surplus, defined as the sum of suppliers and consumers surpluses. In other words, the model finds optimal (cost-efficient) energy and technology mix to satisfy demands for energy services like lighting, cooking, heating, cooling of houses, kilometers driven by cars, trucks, tons of aluminum, cement to be produced, etc. Demands for energy services are specified by the user for the Reference scenario, and have each an own price elasticity. Each demand may vary endogenously in alternate scenarios in response to endogenous price changes, which accounts for a preponderant part of the price portion of the feedback effects from the economy to the energy system (Bataille, 2005) .
The model contains detailed descriptions of more than 1500 technologies and several hundreds of energy, emission and demand flows in each region, logically interconnected in a Reference Energy System. Such technological detail allows precise tracking of optimal capital turnover and provides a precise description of technology and fuel competition in the entire energy system. Technological learning is exogenous. The long-distance trade between the regions of TIAM-WORLD is endogenously modelled for coal, natural gas (gaseous or liquefied), crude oil, various refined petroleum products, and biofuels. GHG emission trading is also possible.
TIAM-WORLD integrates a climate module for the modeling of global changes related to greenhouse gas concentrations, radiative forcing and temperature increase, based on the greenhouse gas emissions endogenously computed by the model. The model is set-up to explore the development of the World energy system until 2100. The model is calibrated to 2005 energy statistics of the International Energy Agency (IEA 2013a,b) , augmented by more detailed data in several sectors.
MAgPIE
The global land-use model MAgPIE (Lotze-Campen et al. 2008; Popp et al. 2014b ) is a recursive dynamic optimization model with a cost minimization objective function, which has been coupled to the grid-based dynamic vegetation model LPJmL (Bondeau et al. 2007 ). It takes regional economic conditions such as demand for agricultural commodities, level of agricultural technology, and production costs as well as spatially explicit data (0.5 degree data aggregated to 200 clusters) on potential crop yields, land and water constraints (from LPJmL) into account and derives specific land use patterns, yields and total costs of agricultural production for each grid cell. Land use patterns are computed in MAgPIE based on specific soil, climate and CO 2 conditions. For this study, we assume constant climate and CO 2 conditions in all scenarios mainly due to the high uncertainty in CO 2 fertilization effects. Furthermore, LPJmL computes potential irrigated and non-irrigated yields for each crop within each grid cell as an input for MAgPIE. In the case of pure rain-fed production, no additional water is required, but yields are generally lower than under irrigation. MAgPIE endogenously decides on the basis of minimizing the costs of agricultural production where to irrigate which crops. For this assessment irrigation of bioenergy crops is restricted in MAgPIE aiming to avoid overexploitation of water resources (see Bonsch et al. 2016) .
The land use model minimizes total cost of production for a given amount of regional food and bioenergy demand. Regional food energy demand is defined for an exogenously given population in ten food energy categories. Bioenergy is supplied from specialized grassy and woody bioenergy crops, i.e. miscanthus, poplar and eucalyptus. All demand categories are estimated separately for ten world regions and have to be met by the world crop production. Additionally, the regions have to produce a certain share of their demand domestically to account for trade barriers .
Four categories of costs arise in the model: production costs for livestock and crop production, yield-increasing technological change costs, land conversion costs and intraregional transport costs. In order to increase total agricultural production, MAgPIE can either invest in yield-increasing technological change or in land expansion. The endogenous implementation of technological change (TC) is based on a surrogate measure for agricultural land use intensity . Investing in TC leads not only to yield increases but also to increases in agricultural land-use intensity, which in turn raises costs for further yield increases. The other alternative for MAgPIE to increase production is to expand cropland into non-agricultural land (Krause et al. 2013) . Cropland expansion involves land conversion costs which account for the preparation of new land and basic infrastructure investments. Moreover, land expansion in MAgPIE is restricted by intraregional transport costs which accrue for every commodity unit as a function of the distance to intraregional markets and the quality of the infrastructure. Finally, MAgPIE incorporates non-CO 2 emissions from agricultural production ) and CO 2 emissions from land use change ) that increase agricultural production costs if GHG emissions in the land system are getting priced. The model has the option to reduce agricultural non-CO 2 emissions by improvements in management, based on marginal abatement costs of Lucas et al. (2007) , and by avoiding land expansion into high carbon ecosystems such as tropical forests. The MAgPIE model has been validated intensively for land-use, agricultural yield, land carbon and water dynamics. Its ability to simulate and reproduce historical trends well has been demonstrated in previous studies (e.g. , Bonsch et al. 2015 .
Harmonization of models and scenario design
Energy use, food demand, land-use change and related emissions are mainly driven by the growth of population and economic activity (Clarke et al. 2014) . Assumptions of population and GDP growth corresponding to the newly developed Shared Socio-economic Pathways SSP2 scenario 1 have been used by all three models. Accordingly, global population increases from almost 7 billion people in 2010 to more than 9 billion in 2050 and stabilize thereafter. Global GDP measured in market exchange rate (MER) increases from 50 trillion in 2010 to around 150 trillion by 2050 and to around 300 trillion US$2005 by 2100. Harmonization regarding the key drivers allows the comparison analysis to focus on alternative baseline and climate policy pathways that result from model-specific dynamics of the global energy demand and supply system. Table 1 shows the scenario design of the study, inspired by the work done for the Energy Modelling Forum (EMF27 study, http://emf.stanford.edu/). We focus on climate change mitigation scenarios that aim to keep total radiative forcing in 2100 below 2.6 W/m 2 and 3.7 W/m 2 , usually corresponding respectively to CO 2 equivalent concentrations of 450 and 550 ppm 2 . The choice of two different climate targets is motivated by the objective of exploring challenges associated with different severity of climate target and the expected role of biomass in such mitigation strategies. We expanded the set of analysed scenarios by exploring transformation requirements and costs for pathways that cannot rely on CCS technologies in the case of a moderate climate target, and pathways with reduced biomass availability in the case of an ambitious climate target. Therewith, we cover supply and demand uncertainties due to a lack of technology availability, low potential of biomass and a low acceptance of these technology options by society. 
Transformation of the energy system

Reference scenario
The comparison of the Reference case of REMIND and TIAM-WORLD helps understand the different possible characteristics of the future energy systems as proposed by different modelling frameworks. Assessment of the Reference case, and especially of the emissions, is also key to understand the mitigation challenges associated with future climate strategies since mitigation efforts and cost in policy scenarios are always conditional upon the associated baseline (Clarke et al. 2014) .
Primary energy, fossil fuel prices and emissions
While the long-term trend of total primary energy consumption in the Reference case is similar in both models (Figure 2) , differences in the composition of primary energy illustrate alternative future pathways. The share of coal is higher in the mid-term in REMIND than in TIAM-WORLD, while the opposite occurs in the long term in which coal is substituted by renewables in REMIND, mainly bioenergy, solar, and wind. This transition pattern is motivated, first, by extraction costs for fossil energy carriers, which increase more rapidly in REMIND than in TIAM-WORLD due to assumed higher scarcity, and second, by the anticipation of a higher cost decline in the renewable energy technologies in REMIND compared to TIAM-WORLD. As a result, bioenergy, used mostly for transport, and wind and solar, used continues to play an important role in the energy system, but in other forms (gasification and production of biofuels without CCS). If the biomass potential is low, the electrification of the energy system based on other renewable energy carriers expands. In this case, preferred uses of biomass are the production of electricity with CCS, and the production of hydrogen with CCS, depending on whether competitive alternatives in the transport sector exist. Finally, use of biomass for power generation with CCS penetrates in scenarios with ambitious climate targets, but far less in scenarios with less ambitious targets, where liquid biofuels with CCS appear more competitive.
In climate change mitigation scenarios, the value of bioenergy is not only determined by its energy value but also by its carbon value, i.e. the potential of capturing carbon and generating negative emissions. Under stringent climate targets and in presence of BECCS the carbon value tends to dominate over the value of the energy produced. That means that the driving factor for building bioenergy conversion capacities are the revenues from generating negative emissions rather than the revenues from energy production. There is a strong correlation between carbon prices and bioenergy prices. With increasing carbon prices, the incentive to replace fossil fuels with bioenergy triggers a demand pull that increases bioenergy prices.
The provision of bioenergy crops for energy production is one major contribution of the agricultural sector to reduce GHG emissions and mitigate climate change. But the agricultural system is a primary source of greenhouse gas emissions itself. Effective climate policy can help to reduce these emissions. This study demonstrated that only 30-50% of the agricultural CO 2 baseline emissions are generated under climate policy with GHG pricing. Simultaneously, such climate policy leads to effective forest protection. Triggered by carbon pricing, the forest area that is lost by the end of the century is significantly lower under climate policy compared to a Baseline scenario. Intensification of agricultural production ensures that even with additional land demand for bioenergy crop production less forest has to be converted. At the same time, residual emissions in the land-use sector still occur. Increasing intensity of agricultural production is associated with increasing N 2 O emissions from fertilizer application. In addition, one should keep in mind that trade-offs with food and water security of land demanding mitigation technologies such as biomass production could occur. Popp et al. (2011) demonstrated that especially a combination of large scale bioenergy production and avoided deforestation programs as discussed in this study can lead to tremendous increases in food prices. Restricting irrigated bioenergy crop production indeed helps to decrease the pressure on freshwater ecosystems, but higher yields of potential irrigated bioenergy production can reduce the pressure on land and hence decrease food prices (Bonsch et al. 2016) . Such food price dynamics would have different effects for producers and consumers and thereby could affect the whole economic system. But those impacts are not covered in the present model framework.
The comparison of the technology choices of REMIND and TIAM-WORLD helps understand how different storylines about the preferred uses of biomass are viable to reduce future emissions. One storyline, associated with REMIND, gives priority to the conversion of biomass into biofuels, electricity and hydrogen. Another storyline, associated with TIAM-WORLD, gives higher priority to biomass power generation and gasification, while hydrogen from electrolysis is produced from non-biomass renewable electricity. Both are realistic strategies, and prove the importance of obtaining better knowledge of the technical and economic characteristics of biomass technologies, especially BECCS, in order to define the preferred transition to a low-carbon world. Provided that the real-world decision maker has only imperfect foresight, the importance of biomass technologies in the portfolio of future mitigation technologies can change into different directions. For example, limited anticipation of the potential for negative emissions may lower the share of BECCS technologies, while the ignorance on technological spillovers with major learning technologies (i.e. solar and wind), may increase the use of biomass technologies in particular in the electricity sector.
While the uncertainty of bioenergy demand is addressed by the combination of two different energy-economy models with the same land use model, a major caveat applies to the representation of the supply side uncertainty. Using bioenergy bounds is a common approach supported by the literature. However, it limits the meaning of the land use model as a supply counterpart of the energy systems' bioenergy demand. Bioenergy prices at the end of the century are purely demand-driven. This is likely to have an impact on the use of bioenergy. It weakens comparability, and demands for a more flexible representation of supply side uncertainty in future studies.
Annex 1. Regional mapping between REMIND, TIAM-WORLD and MAgPIE
Regional structures of REMIND, TIAM-WORLD and MAgPIE are different. For the spatial conversion between REMIND and MAgPIE regions, a one to one mapping is applied (Table A1 ). As REMIND has 11 regions and MAgPIE has 10, one region is not taken into account for the coupling, which is Japan (JPN). This was translated into the simplifying assumption in REMIND that there is no purpose grown bioenergy production in Japan, which is in line with the fact that Japan has very limited land resources for bioenergy production. Compared to an alternatively tested more complex mapping based on area and population weighted shares, the one to one region mapping provides a more robust implementation, even though this approach has the crucial shortcoming that some region mappings do not fit very well. The region mapping between TIAM-WORLD and MAgPIE is based on the list of countries included in each region of the models (Table A2) : prices obtained with MAgPIE for a certain region are applied to all regions of TIAM-WORLD associated to this region of MAgPIE; the sum of regional supplies obtained with TIAM-WORLD are used in the corresponding regions of MAgPIE. This mapping results in a consistent correspondence between the two models, the only important difference being North Africa, allocated to Africa in TIAM-WORLD and to Middle-East in MAgPIE. However, this difference has no impact on bioenergy analysis since North Africa is not expected to play an important role in bioenergy supply.
